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Data are presented on heat of combustion, criti¬ 
cal particle size and rates of combustion of 
Mg and A1 mixtures with various sulfates and 
hydrated sulfates. Mixtures with compounds not 
decomposing at melting temperature burn at rates 
independent of pressure, with combustion appar¬ 
ently taking place mainly in the condensed phase. 
The other group, decomposing at or below melting 
temperature, burn more rapidly as pressure rises, 
with combustion v-.pparently taking place mainly 
in the gas phase. 


CIRC 

FD 72/000732/C09 


NOTICE 

The contents »l this jmblu.ition hose been ttonsljted os presented in the originol test No o'teinpt bos been mode to veil!) 
the jcenui s .it .ns stotement sontotned herein This tronslotinn is pnhhshid with o miniminii of cops editing ond grophies 
preporotior. in order to ospcdils' the dissennnotion of tnlortnotion. 

Approicd tot pubh, releose ...stnhution unlimited INFORMATION TeR^E 

• U *s r* frtfrrTsftff 

1 va 










:»#* .asCa^Bie&sasgBSttsgTssvEiag «s»wKi3ea5R«ai«i«iBBSBG^a^ 


There is little-data in the literature on combustion of mix¬ 
tures of sulfates with magnesium or aluminum. It is known that 
some of them ignite upon heating [1], and that barium and calcium 
sulfates have been proposed as oxidizers in pyrotechnic illumina¬ 
ting mixtures [2], Anhydrous sulfates yield to nitrates as oxi¬ 
dizers, since they require considerably more heat for decomposi¬ 
tion according to the scheme Me S0r->Me S+20 5 . The oxygen content 

of the sulfates is comparable with the oxygen content of the nitrates 
of the same metals. 

Together with mixtures containing anhydrous sulfates, there has 
been interest in research on combustion of mixtures of magnesium 
(aluminum) with crystalline hydrates of the sulfates. Mixtures of 
these metals with water are capable of burning [3D* The water 
contents in such crystal hydrates as Na 2 S0^.10 H 2 0 and MgSO^.7 H 2 0 

is high (56 and 51 wt. ? respectively), and the total oxygen con¬ 
tent is considerably higher than in NaNO^ (see table). 

The combustion of stoichiometric mixtures of magnesium 
(aluminum) with anhydrous Li, Na, K, Mg, Ca, Ba, and Cu sulfates 
and the crystalline hydrates Na^O^ 10 H^O, MgSOjj.7 H 2 0 and 

FeS0^.7 H 0 were studied. Magnesium (aluminum) powders had an 

activity of 99.6? (92.5?) and an average particle size of 35y 
(1y ). Analytical grade reagent and chemically pure grades were 
used as oxidizers. The particle size of all oxidizers was less 
than 250 u. 

Determination of the critical combustion diameter (d ) was 

carried out at p = 1 atm in air. The mixtures were placed^in 
glass beakers, and the charge densities were 0.8-1.0 g/cm^ 

(Knack = 0.2-0.5). The relationship of combustion rate to pres- 
surewas s v )/'ed in a constant pressure bomb, in a nitrogen 
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atmosphere. Separate tests were carried out in argon, and 
they gave the same results as in nitrogen. The charges were 
grains(Kp ack = 0 . 8 - 0 . 9 ), 15 mm in diameter, jacketed with a 

cellophane strip on the sides and solidly set into a glass tube, 
A 12.8/87.2 wt. % Mg/BaC >2 mixture was the igniter, which was 

initiated in turn with an electric coil. A photo recorder or 
movie camera was used for determination of combustion rate. 
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L.1^0. 
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47 

36 

1640 

1620 

4/2 

7/4 

NajSO, 

45 

331 

40 

33 

1400 

1360 

4/2 

7/4 

K.SO. 

37 
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34 

29 

1230 

11S0 

4/2 

12/10 

■ MgSO, 

53 

306 

44 

37 
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1610 

7/4 

16/12 

CaSO, 

47 
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42 

34 
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4/3 

17/12 

BaSO* 

27 
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30 

23 
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310 

5/3 
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CuS0 4 
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33 

31 
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7/4 

10/7 

Na 3 SO.- IOHjO 

70 

1033 

51 

14 
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20/17 

.MgS0,.7H,0 

71 

SO'J 

52 
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FeS0 4 -7H 2 0 
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49 

42 
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GS.4 

57 

50 
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1S10 

12/10 

32 2S 

NaNO, 

56 

112 

42 
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Key: 


a. 

b. 

c. 

d. 

e. 

f. 
g- 


Oxidizer 

Total oxygen content, wt. % 

Heat of formation, AH 2gg , kcal/mole 
Me content in stoichiometric mixture, wt. % 
Calculated heat of combustion in mixture, kcal/kg 
d of combustion at p = 1 atm, mm 

H 2 5 (£) 





The smallest combustion d were observed in mixtures of 

c r 

magnesium with LigSOj,, Na 2 S0^, KgSOj, and Na^O^lO H 2 0. These 

mixtures had a d cr which was almost the same as a stoichiometric 

mixture of magnesium with NaNO^. Upon substitution of aluminum for 

magnesium, d cr of the mixtures increased particularly sharply in 

the case of some crystalline hydrates (five times for Na 2 S 0^.10 H 2 0 ), 

Combustion of the mixtures of metals with crystalline hydrates was 
accompanied by scattering of the charge, and it proceeded less 
stably than in mixtures with anhydrous sulfates. 
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The combustion rates of mixtures of magnesium with LigSO^, 

Na 2 SO^ and K o S0^ remained constant over the pressure range of 

1-100 atm (fig. la). In the mixture of magnesium with Na^SO^.10H 2 0, 

a rapid increase in combustion rate was observed from 1 to 10 atmj 
at higher pressures (up to 100 atm), the combustion rate was con¬ 
stant, but less than in mixtures with anhydrous Na 2 S0 1} . A mixture 

of magnesium and water burned considerbly slower than a mixture 
with the sulfates. Its combustion rate remained constant over 
the 20-100 atm pressure range. A change in packing coefficient 
of the mixtures of magnesium with Li 2 S0i. and Na 2 SO i) , from 0.6 to 
0.9, had no effect on the combustion rate value; Tests carried 
out at pressures of 20 and 80 atm, using Na 2 S0 4 , having particle 

sizes < 50, 50-63 and 100-200 v , showed that the particle size 
of this oxidizer has no effect on combustion rate. The combustion 
rates of mixtures of aluminum with the same oxidizers (see Fig. lb) 
increased negligibly over the pressure range from 20 to 100 atm 
(in the case of KgSO^, from 40 to 100 atm). They are more diffi¬ 
cult to ignite, and M they burn approximately three times slower 
than the corresponding mixtures with magnesium. 



Fig. 1. Combustion rate vs. pressure 
of mixtures of magnesium (a) and alumi¬ 
num (b) with Li 2 S0jj (1), Na 2 SC> 4 (2), 

K 2 S0 4 (3), Na 2 S0 4 .10H 2 0 (4), and HgO (5). 

p 

Key: c. U^, g./cm .sec. 
d. p, atm 


The combustion rate of mixtures of magnesium or aluminum 
with Mg, Ca,Ba, and Cu sulfates and the crystalline hydrates 
MgS0 4 .7H 2 0 and FeS0 4 .7H 2 0 increased with increase in pressure 

(fig. 2a, b). It is clear from the examples of MgSO^ and MgSO^ 

,7H 2 0 that, as in the case of Na 2 S0 4 and Ma 2 S0 4 .10H 2 0, the 







presence of water of crystallization decreases the combustion rate 
of the mixture. Mixtures of aluminum with CuSO^ and CaSO^ burn 

somewhat more rapidly than mixtures of magnesium with the same 
oxidizers, at increased pressures. 
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Pig. 2. "Combustion rate vs. pressure 
of mixtures of magnesium (a) and alumi¬ 
num (b) with CuSOlj (1), BaS0,.(2), MgSO^O). 
CaS0 4 (4), FeS0 4 .7H 2 0 (5) and MgSO^HljO (b). 

Key: [c, d, same as in fig. 1.] 


The oxidizers used can be divided into two groups, by the 
nature of the resulting function = f(p); 

(1) LipSOj., NapS0 4> KpSO^, NapSO^.lCHpO and HpO, forming 
mixtures with magnesium, the combustion rates of which are inde¬ 
pendent of pressures; in the case of aluminum, the combustion 
rate Increases negligibly over the 20-100 atm pressure range; 


(2) MgSCL, MgS0 4 .7Hp0, CuSO^, 
combustion rate with magneii 


their combustion ra 
crease in oressure. 


CaSOj., and FeS0...7HpG, in which 
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magnesium or aluminum 


se with in- 


The fact that the sulfates of lithium, sodium and calcium melt 
without decomposing, at temperatures of 885, 860 and 1070°C, re¬ 
spectively, attracts attention. Apparently, oxidation of magnesium 
in burning of mixtures with these sulfates, proceeds predominantly 
in a melt of the oxidizer, i.e., in the condensed phase. It is 
possible that oxidation of magnesium takes place partially in the 
condensed phase and by its burning in a mixture with water. In¬ 
creased pressures facilitate this. The lower oxidizing power of 
water vapors with respect to aluminum are caused by a sharper de¬ 
crease in combustion rate of its mixtures with crystalline hydrates 
(compare NapSOj, and NapSO^.lOHpO in mixtures with magnesium and 

aluminum) and a considerable increase in d_. 

cr 
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The sulfates of metals which decompose upon melting or i 

below the melting temperature (CuSO^) are in the second group. j 

Upon combustion of mixtures of these sulfates with magnesium 
(aluminum), a bright flame forms over the surface of the charge. 

The slag becomes porous and wrinkled. Apparently, combustion of 
the metal takes place in the smcke-gas phase, formed by the pro~ ; 

ducts of decomposition of the oxidizer. The use of the acid salt j 

NaHSO^, decomposing at 320°C, in a mixture with magnesium, in place 

of Na 2 SO^, led to an increase in rate with increase in pressure. f 

The differences in dependence of combustion rate on pressure J 

of mixtures of magnesium and aluminum with the sulfates studied \ 

can be explained by oxidation of the metal in a melt of the sul- \ 

fate or in the gaseous products of decomposition of the latter. j 
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